The improving technology available for near-infrared observations now permits study of nearby low-mass young stellar objects (YSOs) on the scale of the Solar system. Analyses of the spectral energy distributions, (SEDs) of YSOs (e.g. Adams, Lada & Shu 1987; Kenydn, Calvet & Hartmann 1993a ) have led to two classes lof model to describe the Class I sources, those objects whose SED increases from the optical to the mid-IR [d(AF.)/dA > 0].
The first class may be called the 'large disc' model, wherein a large fraction of the stellar flux is intercepted and reprocessed by a physically thick disc of dimension several hundred au or more (Bastien & Menard 1988) . The second class is the envelope model, in which the task of reprocessing the stellar flux is mostly performed by a circumstellar envelope and the disc is too small to playa substantial role. The envelope comprises the remnants of the cloud core from which the protostar formed, and is gravitating toward the protostar. Whitney & Hartmann (1992 modelled the appearance of 'flared discs' (which are physically thin near the protostar but whose scaleheight increases rapidly at larger radii) and circumstellar envelopes in scattered light. They showed that flared discs can produce detectable circumstellar structures if the system is observed at inclinations where the proto star is occulted. However, they found that the bright circumstellar reflection nebulae observed around many YSOs are more easily explained by an envelope model which includes an evacuated bipolar cavity. Such cavities are presumed to be created by the commonly observed molecular outflows, although Hartmann et al. (1994) showed that a cavity can arise naturally from the collapse of a precursor cloud core of sheet-like structure. The cavity allows much of the light to escape the optically thick inner regions of the system, and can give rise to the commonly observed bipolar or cometary morphologies, depending on the polar angle from which the system is viewed. Both classes of model can reproduce the pattern of aligned polarization vectors which is frequently observed in the cores of such sources. Tamura et al. (1991, hereafter TGWW) observed a sample of 24 IRAS-selected YSOs in the nearby TaurusAuriga star-forming region with a near-IR array at ~ 2-arcsec resolution. Some of these sources were optically visible T Tauri stars with large IR excesses, but most were more deeply embedded and optically invisible Class I objects. They found that 15/24 of the sources display IR nebulosity extending for (2-10) x lif au, but only one of these (T Tau) was aT Tauri star. The nebulosities are irregular or cometary in shape, and can be simply interpreted as arising from scattered light emitted by a source at or close to the peak of the flux distribution. Since these nebulosities are highly asymmetric, it would be very difficult to interpret them as rotating accretion discs.
Many Class I sources are also associated with CO outflows (Moriarty-Schieven et al. 1992) , and some with optical Herbig-Haro objects or jets. These systems are thought to have ages of (1-2) x 10 5 yr (e.g. Kenyon et al. 1990 ). The mass of circumstellar material has been approximately determined from thermal fluxes at submm and far-IR wavelengths as being in the range 10-3 _10-1 M0 (e.g. Butner et al. 1991; Moriarty-Schieven et al. 1994) .This implies that the process of protostellar accretion is nearly complete at this stage of evolution. Many questions remain concerning the structure and composition of the inner regions of these objects. In a previous paper (Lucas & Roche 1996 , hereafter LR) we published high-resolution images of the well-known embedded source L1551-IRS5, and found that the flux distribution could be modelled satisfactorily with an envelope containing a conical cavity. Detailed Monte Carlo modelling was used to explore a range of possible structures and to constrain the geometry and mass of the envelope. In this paper we report the results of high-resolution imaging and polarimetry of the cores of a small sample of Class I YSOs, and axisymmetric models tailored to the individual sources, where appropriate. The results support the envelope/cavity hypothesis, and in some cases allow us to determine the mass and distribution of circumstellar matter and to constrain the scattering properties of the dust grains. We also find that jet-and knot-like features in the cavities have prominent effects on the flux distribution.
OBSERVATIONS
We selected a sample of low-mass YSOs in the TaurusAuriga star-forming region around which near-IR nebulosity had either been previously observed or was suspected to exist on the basis of a Class I SED. An additional criterion was that the YSOs were not known to be binary systems, but our data indicate that many of them may well be binary. All of the sources have been found to possess CO outflows (Moriarty-Schieven et al. 1992 ) and have been detected in CS emission (Ohashi et al. 1991 (Ohashi et al. , 1996 Moriarty-Schieven et al. 1995) and in submm continuum (Moriarty-Schieven et al. 1994) .
High-resolution imaging was carried out with IRCAM-3 on the United Kingdom Infrared Telescope (UKIRT) on 1995 January 21 and on 1995 November 16. IRCAM-3 has a 256 x 256 InSb array which is sensitive between 1 and 5.5 j.lIO. A warm magnifier was employed to produce an image scale of 0.143 arcsec pixel-I. The camera was used in the 'shift and add' mode with a resolution of approximately 0.3 arcsec FWHM. The application of this technique is described in more detail by LR. Poor weather in 1995 January permitted us to observe only a few sources, but high-quality images of these were obtained. The pointspread functions (PSFs) of stellar standards were time-variable on November 16, with the result that the full benefits of the shift and add could not be realized. We suspect that this was due to intermittent problems with the telescope mirror support system.
Imaging polarimetry was performed on 1995 November 14-16, also at UKIRT, in 1-to 1.5-arcsec seeing conditions. An image scale of 0.284 arcsec pixel-1 was employed for most of the observations. A larger part of the sample was observed in broad-band near-IR filters using IRCAM-3 and the half waveplates mounted in IRPOL-2. IRCAM-3 has a Wollaston prism which allows simultaneous imaging of perpendicular planes of polarization (0-and E-rays) with an instrumental polarization < 0.3 per cent (see Hough et al. 1995) . Each source was observed in four waveplate positions corresponding to polarization angles of 0°, 45°, 90° and 135° with three or four observations per filter, allowing checks for consistency of the data. This was important, since the seeing conditions were not photometric. For most of the observations a focal-plane mask was used to prevent extended emission from the two rays overlapping on the array. Two sources, L1551-IRS5 and 04302+2247, were observed with the 2 x magnifier, for which a mask was not available, and this led to some overlap of the rays in the case of L1551-IRS5. The asymmetric nature of the extension in this source allowed us to circumvent the problem by using only data from the O-ray, which did not suffer from overlap. These results will be described fully in a subsequent paper (Lucas & Roche, in preparation) , but we publish here the results for the sources for which we have shift and add data, since they play an important role in our interpretation of the systems.
The shift and add technique consists of taking a large number of very shoft ( ~ 70 ms) exposures and locating the peak pixel of the flux distribution in each frame, which contains the flux of a diffraction-limited bright speckle. The frames are shifted so that their peak pixels coincide and then co-added. The ALICE electronics system of IRCAM-3 performs this operation in real-time, and it is not possible to select or discard the frames within a given image stack. A 128 x 128 subarray is used to meet the requirement for rapid readout, and this limits the field of view to 18.3 arcsec with a pixel scale of 0.143 arcsec pixel-I. Since the YSOs are spatially resolved in the cases of most interest, only those sources which have a prominent compact flux peak can be observed using this technique. In many cases, those YSOs in our sample which were too faint or had too smooth a flux distribution could not be observed with shift and add. In some other cases where the flux peak was very sharp, the circumstellar nebulosity was undetected within a dynamic range of 100-200. The deep images obtained with the polarimetric observations are therefore complementary to the high-resolution data. These selection effects are highly weather-dependent, but nevertheless they constrain the range of possible morphologies in each system. To this end the attempted shift and add observations are listed in Table 1 , together with observational parameters of the sources. In the majority of cases these deeply embedded sources were only bright enough for shift and add observation in the K band (2.2 J.UIl). The resolution achieved was ~ 0.30 arcsec in 1995 January and ~ 0.35 arcsec in 1995 November.
The position angles (PAs) for the polarimetric data were calibrated through aperture polarimetric measurements of CRL 2591, SVS 13 and L1551-IRS5, adopting values of Cohen et al. (1983) . bSpectral index in the form dlF)dl from TGWW, except Haro 6-10 and 04489 +3042 from Myers et al. (1987) , published values minus unity. "From Kenyon et al. (1993a) . d YIN for success in shift and add peak finding. Neb = nebulosity seen with shift and add, st = stellar appearance with shift and add. 
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170°,62° and 161° respectively (at K band) to reach a consistent rotation of 83 ~ 5 with respect to north. The 3.6-J.UIl polarimetry of L1551-IRS5 is calibrated from the data of Nagata, Sato & Kobayashi (1983) , who observed a PA of 167° in an 8-arcsec aperture. Polarization efficiencies are close to 100 per cent (Hough et al. 1995) , and no corrections have been applied. Magnitudes and on-source exposure times for the sources published here are listed in Table 2 . Shift and add images of circumstellar structures associated with L1551-IRS5, IRAS 04248 + 2612, IRAS 04361 + 2547 and L1489 IRS (IRAS 04016 + 2610) were obtained in the Kband (Fig. 1) . The images and maximumentropy restorations are shown in Figs l(a)-(h). A Gaussian 'image correlation function' with a FWHM of 1 pixel was employed, and this moderates the differences in counts between adjacent pixels. The restorations of the first three sources used standard stars as PSFs, and these stars were observed within a few minutes of the YSOs and located within r-2° on the sky. These restorations converged rapidly to produce the images shown. L1489 IRS, which was observed on November 16, suffered from variability of the PSF on a time-scale of minutes, presumably due to the mirror support problem mentioned above. While the raw data appear to be free from serious aberration, judging by comparison with polarimetric data from a previous night, the stellar standards imaged subsequently were somewhat distorted, preventing a full restoration. The restoration shown was stopped after 25 iterations, and represents the limit of reliable processing. Since there were no other sources within the field, the locations of the images in the different filters were referenced with respect to the dark vertical lane for the RA coordinate, with an error of ~ 1 pixel since this location is affected by the relative brightness of the adjacent flux peaks. The uncertainty in the Dec. coordinate is much less. (The images were referenced relative to the vertical positions of the two western flux peaks, which appear to be wavelength-independent since their separation is the same in each filter.) The multiply peaked and diffuse nature of this source prevented the use of shift and add, since there is no dominant peak upon which the algorithm could centre, but good seeing conditions allowed resolution ofthe structure on a scale less than 1 arcsec == 140 au, assuming a distance of 140 pc for the Taurus Cloud.
Broad-band (J, H, K, L') images ofIRAS
3 MODELS Ulrich (1976) developed a model of a collapsing molecular cloud with angular momentum, and this work has been continued by Cassen & Moosman (1981) and Terebey, Shu & Cassen (1984) among others. Particles at a large distance from the core are assumed to be in free fall at a uniform rate. The angular momentum is assumed to be sufficiently low (ane « 1, where 'te is the collapse time), as a result of prior magnetic braking, that particles can reach the equatorial plane close to the protostar. The resulting density distribution is
41t ( power law in the vicinity of p ocr-312 has increasing observational support from far-IR studies of the SEDs of Class I sources (e.g. Butner et al. 1991) , and radio studies of the flux distribution of Class 0 sources (e.g. Ward-Thompson et al. 1994) . We have developed Monte Carlo scattering models of the near-IR flux distribution resulting from the Ulrich model after the fashion of WH2 (see LR). WH2 modified the density profile in equation (1) by including an evacuated bipolar cavity, created by an outflow, which provides a path of low optical depth by which the photons can escape the system. The shape and size of the cavity largely determine 02, 0.03, 0.04, 0.06, 0.08, 0.1, 0.15, 0.2, 0.3,0.4,0.6,0.8 and 1, normalized to the peak. Numbers in brackets indicate contours averaged over n x n pixel blocks. (b) Restored image of L1551, contours normalized to the raw data with the same levels, and 0.006, 1.25, 1.5 and 2.0 in addition because of the greater dynamic range of the restoration, all unsmoothed. (c) 04248 + 2612. Contours: 0.006(2), 0.008(2), 0.01(2) and 0.015(2), and as L1551 thereafter. (d) Restored image of 04248 + 2612. Contours normalized to the raw data with the same levels, unsmoothed, and 0.004, 2.0 and 4.0 in addition. (e) 04361 +2547. Contours: 0.004(2), 0.006, 0.008, 0.01 and 0.015, and as L1551 thereafter. (f) Restored image of 04361 +2547. The structure in the core and the 'horns' at the southern edge of the structure appear to be real in the light of the deeper polarimetric data. Contours normalized to the raw data with the same levels, unsmoothed, and 0.001,0.0015,0.002,0.003,1.2 and 2.4 in addition. (g) L1489 IRS = 04016 + 2610. One side of the secondary cavity/outflow is faintly apparent to the north. Contours: 0.006(3), 0.008(2), 0.01(2) and 0.015(2), and as L1551 thereafter. (h) Restored image of L1489 IRS. The accuracy of the restoration was limited by a time-variable PSF (see Section 2). Contours normalized to the raw data with the same levels, unsmoothed, and 0.004,1.6 and 2.7 in addition.
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... + 2247. In these images the J., H· and K·band fluxes are represented in blue, green and red respectively, normalized to identical exposure times.
North is up, and east is to the left. (a) is scaled to illustrate colour gradients in the core, and (b) illustrates the extended envelope and the outflow with the colour scale saturated in the core .
The field sizes are 17 x 15 and 21 x 18 arcsec 1 for (a) and (b) respectively. Much of the outer nebulosity appears green as a result of the competing effects of scattering efficiency and foreground absorption which increase with decreasing wavelength. The highly obscured central region is redder, and there are colour gradients across the' peaks since they appear closer to the equatorial plane (the dark vertical lane) at longer wavelengths. A knot in the outflow is prominent as a tongue_of emission on the east (left) side of the structure.
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the appearance of the models. A physically thin and flat disc of high optical depth is also included. The density of the disc is given by
where rd=r sin (J and ho=R*/40 is the scaleheight of the disc (see WH1). The radius of the disc is taken to be re, and this parameter is set at 100 au, initially. The parameters of such relatively small discs have little effect upon the resulting flux distribution. As noted by LR, the angular distribution of near-IR photons leaving the immediate environs of the protostar might be modified in some cases by thermal emission from the disc (e.g. Chandler et al. 1993) and by an inner boundary where the dust is vaporized. However, these factors have at most a second-order effect on the model results, and are not included here.
In the majority of our models we assumed that the dust grains resemble interstellar dust and were much smaller than the wavelengths at which the observations were made. We therefore used the Rayleigh-scattering phase function, which scatters photons more often ahead or behind than to one side. This is an adequate assumption at wavelengths longer than 11J.Ol. It would be difficult to choose a better phase function a priori because of the current limited state of knowledge concerning the process of grain building and the shapes of the grains. In the polarization models presented here we adopt maximum polarization after single scattering of Pm1lX = 0.93, 0.87 and 0.75 at K, H and I respec-tively, from Kenyon et al. (1993b) . For small grains we adopted albedos of a = 0.2 at K, 0.3 at H, and 0.4 at I. When considering large grains we used a forward-throwing Henyey-Greenstein phase function with <cos (J) = 0.45, and an albedo of 0.5. The opacities used were 1<:=2.5 m 2 kg-1 for the K band, 5.4 m 2 kg-1 at H, and 8.5 m 2 kg-1 at I. The opacities and albedos were adopted by averaging values derived by Draine & Lee (1984) and Wolfire & Cassinelli (1986) . At L' in particular, there is a large disparity between their values. We found that Wolfire & Cassinelli's values (I<: = 1.85 m 2 kg-\ a = 0.12) fitted better than Draine & Lee's (K ~ 1.14 m 2 kg-I, a ~ 0.07) in our models of 04302 + 2247, and so the former are used in the models shown here.
The appearance of the model flux distributions at a given wavelength depends mainly upon the density of the envelope (as determined by the constants in equation 1), the parameters of the bipolar cavity, and the inclination of the equatorial plane to the line of sight. For each source these parameters and any necessary changes to the model were determined by the high-resolution images and whatever additional information was available from other observing techniques and wavebands. The output images are convolved with the PSF of the telescope at the time of obsrvation, which is exponential to a very close approximation for the shift and add method (see LR). For the polarimetric models, PSFs with a Gaussian core which changes smoothly into a power law in the wings were found to be a good fit to 0.064,0.074,0.085,0.11,0.15,0.21,0.27,0.32,0.37,0.43, 0.48, 0.54, 0.61, 0.64, 0.74, 0.85, 0.96. (d) 0.43, 0.51, 0.60, 0.77, 0.94 (1u=0.34 observations of stellar PSFs. The results of tailoring models to individual sources are described below.
RESULTS FOR INDIVIDUAL SOURCES

IRAS 04302 + 2247
This remarkable source has a quadrupolar structure in the K and H bands (Figs 2a and b, and 3a and b) which had not previously been predicted in any model of a single protostar.
The images were taken in good seeing conditions in normal imaging mode and show that the separation and relative brightness of the peaks varies with wavelength, with peak P4 disappearing almost entirely at J band. the signal-to-noise ratio in the L' data is too low to distinguish the peaks clearly, but the main bipolar structure is observed. The JHK colour images in Figs 3(a) and (b) show that the central region is reddest, while the outer regions are strongest in the H band and appear green. Colour gradients are apparent across the peaks, and the red colour ofP4 is clearly
shown. The northern half of the structure is redder than the southern half, implying an asymmetry in the extinction in the line of sight. The only previously published near-IR images of this source (TGWW) did not resolve the peaks in the core, but showed large-scale reflection nebulosity extending to the east up to SOOO au from the centre. These properties suggested that the observed structure is dominated by scattered light with an obscured central source, but did not rule out the possibility of a YSO lying behind some of the peaks and the system being multiple. We therefore used imaging polarimetry to determine which were scattering peaks, and the results are shown in Figs 4(a)-(d). These data were taken in poorer seeing conditions and the northsouth flux peaks are not quite resolved, except at J band, where the seeing improved towards the end of the integration, and in polarized intensity. The structure is too faint for polarimetry at L band. The pattern is clearly symmetric about the centre of the system, except for the polarization disc in the core, with no change in P A around any of the peaks PI to P4. It is notable that the pattern of vectors does not focus precisely upon a single point but upon a line in the vertical (north-south) dark lane. The centrosymmetry implies that the sole source of near-IR radiation is a single star or a close binary/multiple system obscured behind the vertical lane. The dip in intensity between the northern and the southern peaks defines a second axis of symmetry in the horizontal (east-west) direction, oriented roughy perpendicular to the strong vertical dark lane. In Fig. 3 (b) faint emission can be seen extending to the east of the main structure, along the horizontal axis. This emission appears to lie within a concave cavity whose edges are traced by the curving contours of the edge of the main structure. It is delineated more clearly in polarized intensity, as shown in Fig. 4( d) . The emission can be simply interpreted as a jet or outflow; any counterpart on the western side lies below the threshold of detection. A plausible explantion for the distinctive 'butterfly' morphology of the system then suggests itself (see Fig. S ): the near-IR structure is produced by scattering from a circumstellar envelope with a concave cavity created by a bipolar outflow oriented roughly eastwest; the dark vertical lane represents the equatorial plane of the system, observed very close to edge-on, where there is sufficient extinction to occult the protostar completely even at L'; the bright regions to each side of the vertical lane are produced by reflection from the walls of the cavity, and the dip in intensity along the horizontal axis is caused by the dusty jet seen in extinction, absorbing some of the flux from the far side of the cavity. The peak of emission, marked as PS in Figs 2(b) and (c), appears to be linked to P3 in the raw images. However, the restored K-band image (Fig. 2e) shows that PS is, in fact, separate and can be interpreted as a bright knot in the jet. The restoration also shows that a straight line which passes through PS can be drawn through the two flux minima between PI and P2 and between P3 and P4, supporting the bipolar outflow interpretation. The slightly winding shape of the vertical lane and the horizontal axis in the raw data are due to the differing brightnesses of peaks PI to P4 and the overlap of their PSFs. The colour gradients across these peaks are due to the greater obscuration of the equatorial regions at shorter wavelengths.
The results of Monte Carlo modelling of this hypothesis Fig. 2 ( c), show that the distinctive quadrupolar morphology is successfully reproduced. These models have been convolved with a PSF matched to the higher resolution (~0.7S arcsec) images in Figs 2(a)-(d), while a lower resolution (~1 arcsec) PSF was used for the polarimetric images. Fig. 6 ( e) shows a model of the K-band polarized intensity, which reproduces the data in Fig. 4 ( d) where the four 'wings' of the structure are reconstructed by their high polarization, despite the poor seeing, and the darker regions along the axes are seen as a cross of lower polarization. The orientation of the polarization vectors in Figs 6(f) and (g) also fits the data quite well: the broadly centrosymmetric pattern with vectors focusing to a line in the vertical lane is reproduced, as are the polarization disc, the nulls and the reversion to centrosymmetry at H band ( Fig. 6f ) and J band (not shown). The polarization disc is produced by a double scattering path leading from the protostar via the high-latitude regions of the envelope back towards the equatorial plane. The optical depth in the equatorial plane is too great for photons to follow a direct path from the protostar and produce a centrosymmetric pattern. This mechanism was first demonstrated by WH2 and examined in more detail by Fischer, Henning & Yorke (1994 ,1996 . At Kband the polarization disc and nulls are seen in the raw model data (Fig. 6h ), but not in the convolved data ( Fig. 6g) , where the central region is very depolarized and the pattern is centrosymmetric. This result is in agreement with the scattering models of Fischer et al. (1994: fig. 11; 1996: fig. 1 , bottom left) and is due to the alignment of the faint equatorial regions being drowned out in the convolution by the bright nearby flux peaks. Indeed, Fischer et al. (1994) noted that 'In the case of a more evolved envelope the observation of aligned vectors in the high-resolution polarization maps will also be complicated by a strong intensity peak of the reflection nebula.' The alignment appears in the H-and Jband models because the flux peaks lie further from the equatorial plane [see item (1) below]. We must then explain how the polarization disc is nevertheless observed at K band, in disagreement with the models. The average polarization of the flux peaks is 27 per cent, rather lower than the model value of SO per cent, leading to less degradation of the polarization disc structure. It is possible that dichroic extinction by magnetically aligned grains is also contributing, which might explain both the observed alignment and the fact that the polarization of the flux peaks is lower at longer wavelengths, contrary to the models. This conclusion was also reached by Chrysotomou et al. (1996) . Higher resolution data are needed to investigate the matter.
The details of the model shown and the indicated range of the parameters are as follows.
(1) The Ulrich density profile (see equation 1) was used, but reduced at large radii with an exponential tum over of the form
for r > 320 au in order to match the smooth decline in intensity at the edge ofthe core and to allow the jet to be seen in emission through the outer reaches of the envelope. This may be physically justified by the finite size of the parent
.:: molecular cloud core. The K-band model was fitted by matching the horizontal separation of the flux peaks and the flux level in the vertical lane to the data. We investigated models with a weaker concentration of matter toward the equatorial plane and models with a distinct inner 'thick disc' component (as used by Fischer et al. 1994) . Neither of these produced anything similar to the observed flux distribution. The Ulrich profile leads to a larger horizontal separation of peaks to the east and west of the equatorial plane at I and H than is observed (see Table 3 and Figs 2a-c). We were able to reduce (but not eliminate) the discrepancy by increasing the density gradient away from the equatorial plane. However, the asymmetry of the observed peak separations (the top pair are substantially closer together than the bottom pair) limits the usefulness of any axisymmetric function. The difference would also be reduced if slightly lower dust opacities (relative to the K-band opacity) were used for the land H-band models, and it is quite possible that both these explanations are in operation. The L-band models require the high dust opacity of Wolfire & Cassinelli (1986) if the Ulrich model is to obscure the direct flux from the protostar. Greater density in the equatorial plane would also ease this restriction. Modelling with a steeper radial density dependence, p oc r-1.75, did not alter the wavelength dependence of peak separation.
(2) The cavity profile shape is conical at base and curves upward in a concave manner:
as illustrated in Fig. 5 . The 75° half-opening angle at base is chosen to match the shape of the dark lane in the IHK colour image. The concave modification is the result of multiple iterations to reproduce the size and separation of peaks PI to P4. Any alternative algebraic fonn (e.g., a parabola) would therefore have to be numerically similar. The base radius of the cavity r cay = 25 au was chosen by default from our results for L1551-IRS5. A value r cay = 50 au significantly alters the morphology by extending the flux further in the equatorial plane and reducing the level of four-fold symmetry in rotation. Given the number of parameters in the model, it is difficult to constrain r cay precisely, and we can indicate only an upper limit of approximately 40 au.
(3) The bipolar jet was assumed to be continuous and optically thick at all wavelengths for the sake of simplicity. In the models shown the jet adjoins polar regions of the protostar and is conical with a full-opening angle of 45° within 25 au of the equatorial plane. At larger distances a degree of collimation which fits the observed emission region is adopted, and a 25° full-opening angle is used. The weaker collimation in the inner regions is needed for the jet to be wide enough to reproduce the observed dip in intensity along the horizontal axis and the correct vertical separation of the peaks north and south of that axis (Table 3 ). This may be expected if the walls of the cavity are partly responsible for the collimation, since the jet is too narrow to interact with them in the core of the system. There is also observational support from the jet of HH 30 (Ray et al. 1996) , which has an almost constant width of 40 au even down to the observable limit of about 40 au from the equatorial plane. In reality, jets from YSOs are usually knotted and irregular, and may also precess, so the fonn adopted (1) and (3). The lowest contour is 10-16 kg m-l, and the interval is 0.5 dex. The bipolar cavity has a base radius of 25 au and opening angle of 75° at base, curving upward in a 'concave' manner (equation 4). The cavity contains an outflow, marked by the straight lines, which is responsible for the dip in intensity along the horizontal axis in the images. There is a thin, flat circumstellar disc of radius 100 au around the star; this is marked as a horizontal line.
here represents a very simple approximation. The jet has no intrinsic line emission in the model.
(4) The mass of the system in the Ulrich model is 8.0 x 10-3 M0 ± 12 per cent. This agrees well with the estimate of 6.6 x 10-3 M0 made by Moriarty-Schieven et al. (1994) from 800-J.llll photometry of the thermal dust continuum. The quoted error represents the limits arising from the range of optical depths in the model which produce a good match to the contour pattern at K band, and are consistent with the topology observed in the other near-IR filters. It excludes an estimated 10 per cent uncertainty in the interstellar opacity and dust/gas ratio, and a further 15 per cent uncertainty arising from a 10 per cent uncertainty in the distance to 04302 + 2247 (140 pc) and therefore its size.
(5) The equatorial plane is observed almost edge-on:
i =90° ± 4°. At inclinations i < 83° the obscuring effect of the approaching outflow is less apparent and the morphology becomes tripolar at 2.2 J.llll; an increasing contribution from unscattered stellar flux produces a central peak at i ::;, 79°, and at lesser inclinations the morphology becomes bipolar and then monopolar.
The model results in Figs 6( a )- ( d) show that the jet is fainter in scattered light than is observed on the eastern side. At K band, where the scattering efficiency is less, the The quadrupolar morphology is reproduced at all four wavelengths, and emission from the jet in scattered light is apparent in the H-and Jband models, to either side of the main structure. The spatial scale is the same as the data, i.e., 20 au pixel-\ and the images are convolved with a PSF with a FWHM of 0.75 arcsec, and 1 arcsec for the polarimetric models. (e) Polarized intensity at K, for comparison with Figs 4( d), (f), (g) and (h). Polarization patterns in the central region: Hband,Kband and Kband, not convolved with the PSF, respectively. The length of a 100 per cent polarization vector is 1. 7 pixel. The essentially centrosymmetric pattern is reproduced, the vectors focusing to a line in the equatorial plane. The polarization disc and nulls are reproduced at H band and in the K-band raw data, but they are obscured in the K-band convolution because of the low flux level in the central region (see text), which is depolarized.
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o 10 20 jet is predicted to lie below the observational threshold of 2 per cent of peak intensity. This discrepancy could plausibly be explained by additional foreground extinction near the equatorial plane due to the outer reaches of the collapsing cloud core, which would increase the ratio of core/jet intensity. Since the jet is brighter at H band than at K, it seems that line emission does not make a substantial contribution to the flux and that scattering by dust grains dominates, as is © 1997 RAS, MNRAS 286, 895-919 the case in the L1551-IRS5 jet. A population of large grains with an albedo of a ~ 0.5 would also increase the flux from the jet, by a factor of 2.5. Models with such a population show that this is not sufficient to remove the discrepancy entirely, but this may be part of the explanation. Alternatively, line emission of ~ in the Kband may be contributing, which could be simply tested for with narrow-band observations. The absence of emission from the jet on the western 
mu=abs(z/r).
side can be attributed to a lack of material at the appropriate radius. This is consistent with an episodic outflow, and the asymmetry implies that there are differences between the western and eastern sides in the density of either the outflow or the ambient medium. A steady outflow would be expected to produce a smooth, continuous flux distribution on both sides.
A further surprising attribute of 04302 + 2247 is that it is variable on a short time-scale. Comparison of Figs 2(a)-(c) and the polarimetric images obtained 10 months later shows that the brightness of peak P3 has increased at all wavelengths relative to the other peaks (see also Table  4 ). The increase is greater at shorter wavelengths, ~ 57 per cent at J band, and none of the other peaks exhibits detectable changes. The different spatial resolutions of the two data sets introduce small apparent variations of order 5 per cent in the 1-arcsec apertures centred on each peak, so for better comparison we also provide fluxes for the 1995 January data after smoothing to the resolution of the data taken in 1995 November. The locations of the peaks in 1995 November are determined from the polarized intensity data, since they are not resolved in the normal images, and their relative separations are unchanged from the 1995 January measurements. The variability might be explained by motion of knots in the jet or by the orbital motion of clumps of dust in the core of the system, either of which would alter the location of optically thin paths in the cavity. The colour difference of the changes would then be due to the different location of the peaks at each wavelength. Studies of the proper motion of knots in jets associated with other low-mass YSOs (e.g. Fridlund & Liseau 1994; Mundt et al. 1990 ) indicate that tangential velocities close on the order of 200 km S-1 are typical, leading to a motion of '" 35 au over 10 months. For many plausible geometries this would be sufficient to noticeably alter the locations of optically thin paths from the protostar to the walls of the cavity or from the walls to the observer and cause the observed variations. Knots in the jet or rotation of matter in the core are simple explanations for the observed asymmetries of the system, and we might expect the symmetry to change significantly over a timescale of a few years.
The only other known YSO bearing any resemblance to this system is HH 30. The nearly edge-on disc-like structure of HH 30 is about half the size of 04302 + 2247, and is observable at optical wavelengths. It is tempting to suggest that 04302 + 2247 will evolve toward a similar structure.
L1551-IRS5
This structure was interpreted by LR as an asymmetric envelope or torus. Iterative modelling constrained its parameters to a mass of 0.1-0.3 M0 within a 670-au radius which is viewed at ~ 34° from edge on. The parent cloud core contains ~ 4 M0 of matter (e.g. Torrelles et al. 1983 ), but most of this not likely to be bound to the YSO. The cavity is conical or slightly convex (curving wider than conical) with a half-opening angle of 50°-55° and a radius of 20-25 au in the equatorial plane. the central flux peak was interpreted as a scattering peak offset only slightly (~0.3 arcsec) from the position of the protostar. Broad-band polarimetric images are shown in Figs 7(a)-(d) , and a magnitude of polarization plot in Fig. 7(e) . Fig. 7(f) shows the polarization pattern resulting from this model in the K band. The polarization pattern at J, H and K is approximately centrosymmetric in the outer regions of the nebulosity, but there is a peculiar pattern of alignment in the core. Vectors in the northern part of the core have a PA which is approximately perpendicular to the direction expected for scattered light and similar to the PA of the southern part. The vector pattern in the southern and central parts of the core appears to be centred on a point several arcseconds to the east of the protostar. In the scattering model the pattern is closer to centrosymmetric, but the vectors very close to the core do focus to a point offset slightly to the east. However, the axisymmetric model cannot explain the pattern of alignment in the northern part, where the existence of denser material is inferred from the extension of the core in Fig. 1(b) and the rapid decline in flux at larger radii. The vector pattern in the core at 3.6 J..IlD. (Fig. 7d) is similar to the J-, H-and Kband data, but the alignment in the northern part is weaker. This would be consistent with an explanation of the alignment in terms of dichroic extinction by magnetically aligned grains in the foreground, since the:re would be less extinction at 3.6 J..IlD. than at the shorter wavelengths. The deep J-and H-band images in Figs 7(a) and (b) reveal a knotted but well-collimated jet of emission extending from the inner regions of the system for ~ 10 arcsec. This jet and the motion of knots within it have been previously observed at optical wavelengths. The blue colour of the knots in the jet implies that scattered continuum emission from dust is the primary source of flux. This is somewhat surprising, since near-IR spectra of Herbig-Haro objects near low-mass stars are usually very weak in continuum and are dominated by emission lines of H2, [Fe II], H I and He II. The emissionfromH2 S(1)(1-0) and 0(1)(1-0) in the K band is normally much stronger than any of the emission lines in the H band (Gredel 1994) . We therefore conclude that the flux from the jet is primarily the scattering continuum from dust. Fig. 7 (e) shows that a linear structure of slightly higher polarization exists close to the jet axis. The structure extends west from the position of the protostar, along a PA of 270° ± 5° compared with 24 e ± 2° for the jet. This feature, which is not predicted by our scattering model, might be caused by foreground dichroic extinction enhanc-© 1997 RAS, MNRAS 286, 895-919
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ing the degree of polarization in some parts of the structure and diminishing it in others, depending on the alignment of the dichroic and scattering contributions to the polarization. Preliminary modelling of this mechanism by the addition of an arbitrary component of uniform dichroic extinction to the scattered flux shows that it can produce a linear structure of higher polarization (not shown). A reasonable level of dichroic extinction corresponding to 10-15 per cent polarization of unpolarized light is sufficient, but the linear structure does not extend to the position of the protostar, which has very low polarization in the pure scattering model of Fig. 7(f) . Another discrepancy is that the average level of polarization in the data is rather lower than in these models. This hybrid model will need to be explored more fully, with scattering from grains of different shapes and degrees of alignment.
Alternatively, if the alignment of the vectors is intrinsic to the system, then extinction by non-aligned grains might have a depolarizing effect. Hence the linear structure could be caused by a lower optical depth along the line of sight towards it, so that the depolarizing effect of extinction is less than in the rest of the structure. LR showed that even a small optical depth of dust in the cavity would be traced as reflection nebulosity, so any depolarizing dust would have to lie outside the cavity in the foreground. The lack ofaxisymmetry in the core (see Fig. 1b ) certainly allows for threedimensional structure and extinction gradients, but this explanation leaves the alignment of the polarization vectors unexplained.
IRAS 04248 + 2612=HH31 IRS
The unrestored shift and add image of this structure (Fig.  1c) shows a classic bipolar nebula which might fit simply into the envelope and bipolar cavity scheme. However, the restored image (Fig. 1d) reveals that the southern lobe of emission contains several peaks along the axis of the cavity. These peaks are hinted at in the raw data, and we have little doubt that they are real. Attempts to model the unrestored image showed that an evacuated conical cavity cannot reproduce the sharply defined peak S2 in the southern lobe, and that a source in the cavity is required (see Figs 8a and  b) . The simple explanation for these small knots of emission is scattering from small knots in an outflow. In addition, there is clumpy emission at low signal-to-noise ratio further south (S3), outside the main body of the nebulosity and slightly off-axis. This low signal-to-noise ratio emission could be an artefact of the shift and add process, but, if real, it would indicate that the outflow is either precessing or imperfectly collimated.
The model images shown in Figs 8(a) and (b) use a conical cavity with a 15° half-opening angle, r cav = 25 au and have a system radius of 885 au. The equatorial plane is close to edge-on: i=78°±3° (or cosi=0.20 ± 0.05). A spherical knot of dust is placed on-axis 300 au from the protostar in the hemisphere which is tilted slightly away from the line of sight. It has a radius of 51 au (half the cavity radius at that point), a mass of 2 x 10-5 M 0 , and an optical depth of 1: = 1.3 at 2.2 J..IlD. along a diameter. The density profile of the model knot is a truncated Gaussian, falling to lie of the central density at the surface. The parameters of the knot are chosen so that it is small enough not to completely block the cavity and has a low enough optical depth to allow some IR radiation to penetrate it, rather than simply scattering off the front surface. Rayleigh scattering is adopted for the envelope and the knot. Fig. 8(b) shows that this simple addition to the model can easily explain the observed peak S2 and the other peaks in the restored image. The deeper images obtained with imaging polarimetry (Figs 9a-c) show that the system is considerably more complex than the picture outlined above. The nebulosity of the northern lobe is greatly extended on the west side, and there is evidence for an outflow in the opposite direction (a PA of ~ 114°) in the form of a compact knot (S4 in Fig. 9b ) and more diffuse nebulosity (S5) further from the core. The emission to the north-west extends for more than 45 arcsec (6300 au), beyond the focal-plane mask and into the sky background section of the array. This extension can be seen in the image of TGWW and was noted by Lowrance et al. (1993) . The Herbig-Haro knots HH 31 a, b and c lie approximately 1 arcmin from the system in the direction of S4. They are likely to be driven by an outflow from 04248 + 2612, since this is the only lRAS source in the region. This indicates that the apparent east-west outflow is highly extended on both sides. On the east side of the northern lobe there is another knot (S6) which lies opposite the location of S3 in the shift and add data. These knots of emission are all highly polarized (up to 70 per cent atK, but less at Hand J where there is more multiple scattering) with centrosymmetric orientation of the vectors. This supports our interpretation of the emission from the outflows in L1551-IRS5 and 04302 + 2247 as being primarily scattered © 1997 RAS, MNRAS 286, 895-919 light rather than line emission. The evidence then points to the existence of twin bipolar outflows whose projected axes are inclined by ~ 57°; this may suggest a binary. In this scenario at least one of the outflows appears to be precessing: the line connecting S3 and S6, which lie at similar distances from the core, makes an angle of 15° to the principal north-south axis along which lie the inner knots in Fig.  1( d) . However, the low signal-to-noise ratio of S3 means that this is not a secure result. The curving shape of the north-western flow may also be attributed to precession.
Another difficulty with the axisymmetric models in Fig. 8 arises from the relatively blue colours of the central flux peak. Within a l-arcsec aperture we find (H -K)=0.4 and (J -K) = 1.6, with uncertainties of 0.25 mag. The peak is located at the centre of the polarization pattern, and this position is wavelength-independent, measured relative to a star S7 (not shown), which appears from the polarization maps to be unrelated to the system. The colours are inconsistent with any model of a continuous envelope, and they are very unusual for a YSO surrounded by so much reflection nebulosity. A reasonable explanation is that the binary system has disturbed the envelope sufficiently to create optically thin paths through which the bright inner regions of the cavity walls are observed. If the secondary, east-west cavity is highly inclined to the plane of the sky, the optically thin paths would naturally lie close to the line of sight. There is a polarization disc in the core, with nulls and reversals to east and west. The disc plane lies at a PA of ~65°, which is between the perpendiculars to the two outflows. The polarization in the disc is similar to that in other sys- 
--1'1---/--
---",----,. tems such as ChaI IRN (Gledhill, Chrysotomou & Hough 1996) and GSS 30 , declining from 14.2 to 10.8 per cent from J to K, suggesting that the dichroic extinction and scattering processes are operating in the disc, and that the protostars themselves are not obsetved directly. A hole in the envelope was invoked by Chrysostomou et al. (1996) to explain a plume of off-axis emission in the envelope of GSS 30, and in the case of HL Tau, bright nebulosity is obsetved in the optical waveband, even though the source is deeply embedded (Stapelfeldt et al. 1995; Weintraub, Kastner & Whitney 1995) . These obsetvations suggest that it is not uncommon for circumstellar envelopes to be highly disturbed. The earlier models in Fig. 8 have an optical depth of r = 6.1 to the protostar at 2.2 1JlD, when obsetved at cos i = 0.2, which allows through a sufficient fraction of unscattered starlight to make the central flux peak coincident with the protostar. However, the grey colour of the peak and the weak wavelength dependence of its polarization require that the optical depth is high enough (r ~ 9) to render the contribution of direct starlight negligible even in the Kband. Using the Ulrich density function with a single bipolar cavity as in Fig. 8 , this corresponds to a lower limit of 3.1 x 10-2 M o ' with the uncertainties in distance and dust opacity applying as in the case of 04302 + 2247. The introduction of a second cavity would reduce this somewhat, but might make the distribution of matter in the envelope too irregular for an axisymmetric mass estimate to be useful. Moriarty-Schieven et al. (1994) made an estimate of 7.0 x 10-3 Mo from their 0.85-mm continuum photometry. Ohashi et al. (1996) give a lower limit of 1.3 x 10-2 Mo from CS( J = 2-1) measurements on a scale of approximately 2000 au, but the bulk of the CS emission is centred near the reflection nebulosity region S5 rather than the primary near-IR peak S1. The authors noted that such emissions which are offset from the protostar may reflect the local perturbation of excitation temperature, which could be induced by the outflows seen here. Given the complexity of the system and the uncertainties in the adopted dust emissivity and temperature and gas temperature and abundance, close agreement between these measurements is not to be expected (see Section 5.3). We found that a fairly wide range of power laws for the radial density dependence can reproduce the morphology of the shift and add data. For p oc r-k ; r» r c , we have 1.25 <k< 1.625. A model with k=1.625 and rK =9 reduces the mass only slightly from 3.1 x 10-2 to 2.7 X 10-2 Mo' Steeper power laws reduce the extent of the nebulosity, since the outer regions of the envelope become optically thin. For a model with k=1.75 the nebulosity near the boundary of the system becomes too faint to agree with the shift and add data for any choice of density and viewing angle that reproduce the obsetved morphology. With the density distribution represented by an idealized power law we conclude that k::;; 1.625 in the outer regions of the system.
IRAS 04361 + 2547 = TMR-l
The shift and add image and deconvolution shown in Figs 1( e) and (f) reveal a compact, irregular structure which does not fall into the scheme of stellar, cometary or bipolar struc-tures that the envelope/cavity model produces. A pair of horns are apparent at low signal-to-noise ratio on the southern edge of the system, which can be traced to within 100 au of the core in the restoration. These weakly defined features are also apparent in the polarimetric data ( Figs  lOa-c) , where the stronger, eastern hom appears as a jet which extends for at least 1400 au beyond the edges of the frames. On the opposite side of the core there is evidence for a counterjet in the form of a broad path of reflection nebulosity (S2) centred -1900 au from the core, a small knot closer in (S3), and a strong extension of the core in the same direction in the restored shift and add image. The western hom is very weakly apparent in the K-band polarimetric image and in polarized intensity (Figs lOa and c) , but a cuIVing counterjet is clearly seen on the opposite (northeast) side of the star. These outflows are also discernible in the low-resolution images of TGWW.
This source was obsetved by Terebey et al. (1990, hereafter TBGH) , who obtained near-IR images and aperture synthesis maps of the molecular outflow in 12CO and 13CO. They interpreted the broad flux minimum between the core and S2 as a dark lane of extinction caused by infalling material or an edge-on disc. However, there is little evidence to support this view, except for the slightly suggestive morphology of the flux minimum. The flux in the minimum is no lower than at most other points around the core at the same radius, and the inner edge has the rounded contours expected for a smooth decline in flux away from the core and the north-eastern outflow. We interpret the minimum as a simple gap between the core and the reflection nebulosity at S2. The CS( J = 2-1) map of Ohashi et al. (1991) reveals three faint emission regions (see Fig. 10 ): one near S2 and the minimum, one near the south-eastern jet on the opposite side of the core, and one to the south-west. As we noted in the case of 04248 + 2612, such emissions which are offset from the protostar may reflect local perturbations of the excitation temperature, which could be induced by the outflows seen here. Terebey, Chandler & Andre (1993) obtained a 2.7-mm interferometric map of the system which shows emission at low signal-to-noise ratio in the core and near the south-eastern jet. TBGH found no measurable shift in location of the core flux peak between Hand K, relative to two field stars (to O.3-arcsec accuracy). We have no astrometric data, since the field stars were masked off in our images.
The 12CO map of TBGH shows strong, blueshifted emission centred on the primary flux peak and a weaker, broad, redshifted flow centred just beyond S2. TBGH suggested that the latter component represents the working surface of the stellar wind shock. There is also a 10' hint of emission at the location of the CS and 2.7-mm source to the south-east. The alignment of the CO flow with the stronger apparent bipolar flow in our near-IR data supports our view that there are two bipolar flows rather than the alternative explanation that we are obseIVing a single, limb-brightened bipolar cavity. Their map of the 13CO emission at the systemic velocity shows faint emission from a pair of broad sources to the north-east and west of the core, although the registration with respect to the IR images has an uncertainty of a few arcseconds (the centres are marked by triangles in .....
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..... seen in our near-IR images, but the alignment does not match very well. In addition to its weak molecular outflow, 04361 + 2547 also has a 6-cm radio continuum source in the core (Terebey, Vogel & Meyers 1992) , which may well be emission from a shock-ionized wind where the envelope interacts with the outflows. The polarization in the jets is very high ( ~ 70 per cent at 10 and the vectors are oriented perpendicular to lines through the centre, indicating that the flux is due almost entirely to single scattering. TBGH found no line emission in images of the H2 S(1)1-0 and 0(3)1-0 transitions, and came to the same conclusion. The vectors in the core are well aligned with a PA of 87° and magnitude 28 per cent within a 3-arcsec aperture. The prominence of the central flux peak indicates a relatively small optical depth to the inner regions of the system, although the protostar itself must be more highly obscured. Dichroic extinction by magnetically aligned grains would require a very high optical depth to produce such a high polarization, so either scattering or dichroic extinction, or both, may be responsible for the polarization disc. The magnitude of polarization in the region of aligned vectors declines to the west of the source, and there is some indication of a reversal, but this is obscured by flux from the core in the wings of the PSF. The twin jets indicate that the system may be a binary, with the projected axes of the outflows inclined by ~ 70° at base. The protostars themselves must be quite deeply embedded, since our models show that unscattered stellar radiation would greatly reduce the polarization of the core for any optical depth 7:K < 8. Even if foreground extinction was contributing to the high polarization, we would expect to observe a dip in the level across the flux peak if it had a component of direct radiation. We can therefore infer that at least one of the outflow cavities lies close to the line of sight, and this line lies just outside the cavity walls so that the protostar(s) are obscured but the inner region of the cavity can be seen. This is consistent with the centrallocation of the strong, blueshifted i2ea outflow. The orientation of a cavity axis close to the line of sight in this source and possibly 04248 + 2612 may be a selection effect (see Section 2), since this would tend to produce a bright peak with surrounding nebulosity visible even with a small dynamic range. There are few data on the structure of the envelope in the images: a faint, fairly uniform halo of scattered light is seen in the H-band image (Fig. lOb) , extending for about 3000 au, and it is difficult to distinguish from the outflow emission at K. Some of this nebulosity may lie in the foreground of the molecular cloud; in any case we cannot accurately quantify the mass of circumstellar matter, which is estimated to lie in the range (0.64-1.1) x 10-2 Mo from es and submm observations (see discussion in Section 5). We have not attempted to model this system. A large disc-like structure is inconsistent with high extinction toward the protostar(s), since the symmetry of the nebulosity would indicate a face-on orientation, whether or not the nebulosity lies in-system.
There is strong evidence for precession in the two outflows. Both the bright southern jet and the counterjet of the other flow to the north-east are clearly curved in an anticlockwise sense. The two curvatures cannot consistently be explained by motion of the system through the medium of the cloud, since they should then curve in opposite senses.
The precessing outflows are likely to have a considerable effect on the circumstellar envelope.
IRAS 04016 + 2610 = L1489 IRS
The shift and add image of this system (Fig. 19) indicates a cometary morphology in which, unusually, the nebulosity becomes narrower with increasing distance from the core. The cometary tail also curves southward in the outer regions, which is seen more clearly in the restored image (Fig. 1h) . A faint extension to the nebulosity is also visible to the north. No small-scale structure is visible in the core.
Again the polarimetric images provide the key information for understanding the system. Results of imaging polarimetry (Figs lIa-e) reveal that 04016 + 2610 is yet another system with two bipolar cavities, the second seen most clearly in the images of polarized intensity (Figs lId  and e) . Scattered radiation from outflows may also contribute to the flux from the cavities, but it is not possible to distinguish the two without velocity information. The projected axes of the cavities are almost perpendicular at base. The brightness and high polarizations (35 to 80 per cent) at 10 of the outflow regions leave little scope for alternatives to this explanation of mainly single scattering from the walls of optically thin cavities, and again we postulate a binary system to produce the two outflows. The geometry indicates that the protostar(s) are located close to the main intensity peak in the K band images and the polarized intensity plot. The half-opening angles of the primary and secondary cavities are ~ 30° and 20° respectively in the polarized intensity maps. The polarization pattern is centrosymmetric, except in the core where there is a well-defined polarization disc about 3.5 arcsec across running across the peak which is oriented perpendicular to the primary cavity (which extends to the south-east). There are null points and reversals at both edges of the disc, although the reversal is slightly more gradual on the south-western side. Adjoining the nulls are regions of low polarization between the two cavities, where the envelope is presumably more dense, resulting in quite extended regions of low polarization. There are two faint sources outside the main structure which are probably associated with the secondary outflow. [The fainter source is shown in the K-band polarized intensity plot (Fig. lId) , located south of the core and between the two cavities. The brighter source, not shown, is visible at a greater distance in the data of TGWW and Emerson & Moore (1996) , and its polarization is consistent with a scattering interpretation.] The polarized intensity plots exhibit minima separating the core from the cavities and, like the regions of low polarization mentioned above, these appear to indicate the location of the denser parts of the envelope and show that these regions are optically thick except in the cavities.
Neither cavity is symmetric: the primary cavity is clearly inclined to the plane of the sky, and the opposite component is only faintly visible to the north-west in polarized intensity; the secondary cavity is smooth and conical on the southern side, but on the northern side there is a bright, barely resolved inner region beyond which fainter diffuse nebulosity extends for at least 3500 au and to the edge of the field. This large-scale diffuse nebulosity and the lack thereof on the southern side suggest that the northern side of the secondary cavity and the outflow are slightly inclined toward
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~~"" 032, 0.049, 0.065, 0.097, 0.13, 0.16,0.20,0.24,0.32,0.41,0.49,0.65 and 0.81; (e) 0.034(2), 0.055, 0.082, 0.11, 0.16, 0.22, 0.27, 0.41,0.55,0.68,0.82 and 0.96. the line of sight, the southern side being more obscured. Alternatively, the difference might be due to a lack of dust and gas on the southern side, but the CS data (see below) favours the former explanation. We have not tried to construct a Monte Carlo model of this system, because it cannot sensibly be represented by an axisymmetric system. 04016 + 2612 has been previously observed in the near-IR by Heyer et al. (1990) , TGWW, Kenyon et al. (1993b) and Emerson & Moore (1996) . The morphology of these lower resolution observations is similar to our data. Heyer et al. observed a strange polarization pattern which is consistent with misregistration. Emerson & Moore observed a polarization structure very similar to that shown here, the secondary cavity/outflow being faintly indicated at low signal-to-noise ratio. One discrepancy with our data is that in their K-band polarized intensity plot the main peak is offset by ::::; 1.5 arcsec from the intensity peak and not located centrally between the lobes of the secondary cavity. In our data there is no offset. It seems unlikely that this difference is real, but the possibility of variability in the source may need to be considered. Ohashi et al. (1991 Ohashi et al. ( , 1996 mapped this system in their interferometric CS(J=2-1) survey and observed a bright (5.6 Jy km S-l) structure. Their map appears remarkably similar to the near-IR structure, with the strong southeastern extension away from the core and the secondary bipolar outflow clearly seen. They found that the northern component of the secondary outflow is blueshifted with respect to the southern component by 1 km s-\ but they interpreted the structure as either a large rotating disc or evidence for infall. These explanations are difficult to reconcile with our near-IR data which require the existence of paths with low optical depth in the lobes of the cavity/ outflow system. The velocity structure of the primary near-IR cavity/outflow is unclear, but the region of CS emission which is coincident with the prominent south-eastern cometary nebulosity appears to be slightly redshifted with respect to its fainter north-western counterpart.
The mass of the system has been estimated using a variety of observations, all of which are con,sistent within a factor of 4. Ohashi et al. (1996) provided the upper end of the range with a value of 4.3 x 10-2 Mo in a 2000-au radius, their J = 2-1 data mapping the low-density gas. Moriarty-Schieven et al. (1995) derived a value of 2.35 x 10-3 Mo by measuring higher energy rotational transitions in CS which trace the denser gas. The thermal continuum estimates are also of order 10-2 M o ' which is consistent with near-IR Monte Carlo models in which the protostar is obscured, but the central regions of the system are still visible in scattered light. Zinnecker et al. (1992) made submm observations in four passbands and fitted the full spectral energy distribution with a radiative transfer model. They calculated a mass of 3 x 10-2 Mo on a 2000-au scale, which compares with the estimate of 1.2 x 10-2 Mo from the 800-~ photometry of Moriarty-Schieven et al. (1994) . It is likely that the parent cloud core contains substantially more mass on a larger (order 10 000 au) scale, like L1551-IRS5. Butner et al. (1995a) observed large-scale emission north and south of the system at 200 ~, and Ladd et al. (1991) found that the 800-~ flux is five times greater within a 1 arcmin 2 area than in a single 16-arcsec 2 beam. The matter on this larger scale may not be bound to the system, as discussed by Zhou et al. (1994) who mapped the L1489 cloud in CgO (J=2-1) emission and observed at least one other concentration of dense gas. They estimated that a mass of 0.06 Mo is associated with the IR source, while the larger cloud contains 0.9 M o ' which is consistent with the value of 1.6 Mo obtained from DCO+ (J=1-0) observations by Butner, Lada & Loren (1995b) . These high masses are sufficient for further star formation.
The molecular line profile of the system in CgO (J = 2-1)
shows intriguing evidence for two outflows in the multiply peaked high-resolution data of Zhou et al., some of the components being only marginally resolved because of their intrinsic widths of ::::; 1 km S-l. The main peak appears to have three components and a possible fourth component in the redshifted tail, and there is a fully resolved blueshifted peak offset by 1.5 km S-l. In our interpretation of the system, the blueshifted peak would arise from the inclined primary outflow (although it is not clear from which component in light of the CS data of Ohashi et al.) and the central components of the main peak would arise from the secondary outflow, which lies closer to the plane of the sky. The weak, redshifted feature in the tail has a velocity offset from line centre of ::::; 1.5 km s-l, consistent with its being the receding component of the primary outflow.
DISCUSSION
Discs or envelopes?
Our models of individual sources have shown that the flux distributions around Class I YSOs can be accommodated within the broad class of envelope models. The higher density of the envelope in the equatorial plane of the system reproduces the broad equatorial lane of extinction seen in bipolar sources such as 04248 + 2612, 04302 + 2247 and GSS 30 and shift and add data in preparation), which is often interpreted as a circumstellar disc. It has become widely accepted that the observed cometary and bipolar nebulosities represent the remnants of an infalling cloud core with a bipolar cavity, although it has proved difficult to find secure evidence for the infall. The question remains as to whether large-scale (1000 au) circumstellar discs lie obscured within the envelope, or whether the discs around low-mass YSOs are closer in size to the present-day Solar system. Ageorges et al. (1996) obtained imaging polarimetry of the Chamaeleon IR nebula at 0.2-arcsec resolution, and modelled the system with a several thousand au Toomre disc (pocr-1 Ieading to equal mass at all scales) and a spherical envelope in order to match the obscuration of the fainter western lobe. However, they note that the contour maps are more accurately modelled by a smaller ( < 1000 au) disc, so we suspect that an equatoriallycondensed envelope could explain the weakness of the western lobe. As noted in the description of the model parameters for 04302 + 2247, a stronger equatorial condensation may be required than is given by the Ulrich model.
An obscured circumstellar disc of < 1000 au radius generally has little effect on the observed flux distribution, unless it is significantly flared, as was noted by WH2. A highly flared inner disc or torus of the type modelled by Fischer et al. (1994) is well defined in the model flux dis-tributions by a rapid decline in intensity at the outer edge. This class of model is not consistent with the smooth flux distribution of 04302 + 2247. It is possible that detailed modelling of polarization patterns at high resolution will yield some insights into the properties of circumstellar discs, but considerable information has already been obtained from studies of the photoevaporated structures in Orion and M16 (O'Dell & Wen 1994; Hester et al. 1996) , the gas in discs around T Tauri stars at mm wavelengths (e.g. Koerner & Sargent 1995; Saito et al. 1995) , and interferometry of mm continuum emission in HL Tau and L1551-IRS5 (Keene & Masson 1990; Lay et al. 1994) . Koerner et al. (1993) obtained images of RY Tau, DL Tau and AS 209 with aperture synthesis in CO, and found strong evidence for rotating discs with radii of 110-290 au in three of these stars from the velocity gradient across the observed elliptical structures. The fourth star, DO Tau, exhibited a slightly larger (350 au) structure, with a more complex velocity structure which was interpreted as an outflow in addiiton to a disc. Saito et al. (1995) obtained aperture synthesis images ofDM Tau in 12CO, 13CO and 2.6-and 2.7-mm continuum, and modelled the velocity structure with a 350-au rotating disc with a steep radial density dependence., They calculated a surface density dependence ~(r) oc r-2 .Q± 0.3 such that the bulk of the mass (0.019 Mo) is contained within r < 2100 au and only 10 per cent lies outside that radius. Earlier modelling using double-peaked CO line profiles indicated larger (750-1000 au) discs around DM Tau and GM Aur, the bulk of the mass still being contained in a small core (Koerner, Sargent & Beckwith 1993; Guilloteau & Dutrey 1994; Handa et al. 1995) . However, we may expect that line profile models are less sensitive to the slow-moving gas in the outer parts of the disc, and that the interpretation of velocity-resolved aperture synthesis images is more reliable -hence the revised size estimate of the Handa/Saito group.
Further indications of relatively small disc sizes in the Class I sources L1551-IRS5 and HL Tau were obtained by Keene & Masson (1990) and by Lay et al. (1994) . Keene & Masson obtained an upper limit to the L1551 disc size of 64 au from thermal emission at 2.7 mm, and Lay et al. found that the 0.87-mm half-maximum brightness occurred at similar small radii for L1551 and HL Tau. These observations do not rule out a low-mass, outer component to the disc, which is very optically thin at these wavelengths, but they indicate that the circumstellar mass is highly concentrated in the core even at this earlier stage of evolution. Additional evidence against large discs comes from the interpretation by Hester et al. (1996) of the small photoevaporating structures in M16 and Orion as evaporating gaseous globules (EGGs), rather than circumstellar discs. Since these structures are evaporated from the outside in, dense circumstellar discs should be intact in a large fraction of the observed sources. Hester et al. note that the structures in M16 have a characteristic radius of 3-400 au, and typically 200 au in Orion. They also point out that only a few dark disc-like structures are seen in extinction within the Orion 'proplyds', which radii of 100-400 au, save for one edge-on disc of radius 850 au whose larger apparent size may be due to the angle of viewing.
We can assess the significance of a hypothetical outer disc component with regard to radiative transfer at optical and near-IR wavelengths. The mass of circumstellar matter in Class I sources appears to be typically a few x 10-2 Mo (see discussion in Section 5.3), most of which lies in the inner disc or the envelope. If an outer disc has a mass of 10-3 M o ' and extends from ~ 250 to 1000 au (the outer radius adopted by Ageorges et al. 1996 for Cha IRN), then the optical depth along a vertical path near the outer edge would be of the order of '2.21==0.04 for a surface density dependence withp= -1 (Toomre disc), where ~(r)ocrP.
So a large outer disc would be transparent except at optical (WFPC-2) wavelengths or in the case of an unusually massive disc with an index p somewhat greater than -1.
Cavities and outflows
The images show that a wide range of cavity opening angles is possible. In the small sample of Taurus sources discussed here the half-opening angles range from about 15° in the case of 04248 + 2612 to as high as 75° at base for 04302 + 2247. We have obtained IR images of several fields in the Serpens star-forming region without image sharpening (data in preparation) in which most of the YSOs exhibit narrow, cometary morphologies which may be better fitted by cylindrical cavities (see also Gomez de Castro, Eiroa & Lenzen 1988) .
The size of the cavities at base is poorly constrained by our data. A radius r cay = 20-25 au is indicated in the case of L1551-IRS5 from high-resolution radio images (Rodriguez et al. 1986 ) and the models of our shift and add data (see LR), but we do not yet know whether this source is typical. The large (40 au) width of the jet in the core of the HH 30 system also provides support for a Solar-system-scale cavity. Using r cay = 50 au in our models produces cavities which are somewhat too broad in the cases of L1551-IRS5, 04302 + 2247 and 04248 + 2612, this scale being resolved in our images. However, the models show little change in appearance when r cay is reduced from 25 to 5 au. Additional radio observations and diffraction-limited, near-IR observations will be needed to determine the range of this parameter in low-mass YSOs.
In the standard envelope and cavity model of YSOs (e.g., WH2) the shape and size of the cavity dominate the near-IR morphology of the system. Our data support this picture, but show that dust in outflows can also play an important role in both reflection and extinction, and this needs to be considered in any detailed model of a Class I YSO. In sources such as 04248 + 2612 this complicates the modelling, since the contributions of reflection from the cavity walls and from the outflow are difficult to distinguish. Ageorges et al. (1996) also observed a near-IR outflow in Cha IRN in the form of three knots stretching in a curve away from the core of the system, and noted that this might indicate precession.
The wide range of cavity shapes may be mainly attributed to the varying nature of the outflows, although the initial envelope structure may also playa role. In 04361 + 2547 the jets and counterjets have quite different morphologies and the brightest jets show pronounced curvature, which suggests they are precessing and would allow the creation of a wide cavity. Shu, Adams & Lizano (1987) suggested that cavities might become wider with age, the outflow breaking out at the poles of the protostar and spreading toward the equatorial regions. There is no evidence in our small sample to support this view: L1551-IRS5 is generally thought to be a very young Class I source because of its large mass of circumstellar matter, but it has a much wider cavity than 04248 + 2612 and drives a very broad outflow (e.g. Davis et al. 1995) . 04302 + 2247 has a highly concave cavity, which is consistent with an outflow which is poorly collimated in the inner regions of the system but is gradually channelled at larger distances by the envelope or by the magnetic field. Understanding the disparate nature of these outflows is likely to be a considerable challenge.
Three of our five sources appear to have twin bipolar cavity or outflow structures. Several examples of twin jets and/or two point sources have been seen in radio continuum and CO observations (e.g. Anglada et al. 1991; Rodriguez 1994) , and these may indicate binary stars. These apparent pairs of jets have sometimes been interpreted as the limbbrightened walls of a single cavity (e.g. Avery, Hayashi & White 1990) , but this would be very difficult to reconcile with the morphology of the structures in our data.
Envelope masses
We have indicated in the discussion of individual sources that there is a considerable range in the estimates of the mass of circumstellar material depending on the method that was used. The 800-1lffi thermal continuum survey by Moriarty-Schieven et al. (1994) allowed the authors to make estimates of the circumstellar masses of cold lRAS sources, defined by log(F25J.Ul1/F60J.Ul1)<-0.25 and F60J.Ul1 or F 100 J. Ul 1 > 5 Jy (which was the definition used by TGWW).
This selection, which corresponds roughly to a thermal IR definition of Class I sources, produced values of 2.7 x 10-3 -5 x 10-2 M o ' with the exception of L1551-IRS5 (0.14 Mo)' The sources at the top of the range (L1551 NE and L1527) are thought to be among the youngest, the remainder having masses ::::;; 2 x 10-2 Mo' Their subsequent survey of high-excitation CS emission (Moriarty-Schieven et al. 1995) tended to produce mass estimates which were lower by a factor of ~ 3. However, Ohashi et al. (1996) provided lower limits to envelope mass from maps of optically thick CS( J = 2-1) data for the same sources, all of which lay in the range 6 x 10-3 _10-1 M o ' typically twice as large as the estimates derived from thermal fluxes.
Our own models show that masses of at least 10-2 Mo are needed to provide sufficient optical depth in the K and L bands to fully obscure the protostar and reproduce the observed high core polarizations, provided that the system is not observed precisely edge-on like 04302 + 2247. The assumptions involved in this judgement are that the envelope power law is not much steeper than p ocr-1 . S , that the gas-to-dust mass ratio is similar to the interstellar value of 100, and that the evacuated cavity is not much smaller than the 25-au value adopted in most of our models. The first assumption is supported by models showing that steeper power laws lead to very faint outer nebulosity. The images are consistent with a power-law index in the range 1.25 to 1.625, assuming a smooth density distribution. The second assumption is reasonable, since there is no reason to expect gas depletion in the low-density outer regions of the envelope, which contain most of the mass. The last assumption is more uncertain, as discussed in the previous section. When a radius rca. = 5 au is used, a lower density is needed to produce a model with the same optical depth. However, this reduces the mass of the system by only ~ 25 per cent for the envelope sizes of order 700 au which match our data, so this does not affect the argument. If we adopt a value of M = 0.5 Mo for the density distribution in equation (1), for a typical low-mass YSO, then the densities (and hence the envelope masses) in our models correspond to M ~ (1-
2) x lO-s Mo yr-1 for 04302 + 2247 and 04248 + 2612. This is broadly consistent with the duration of the Class I phase of evolution as derived from the size of the Class I population (e.g. Myers et al. 1987 ) and lends support to our mass estimates. The envelope of L1551-IRS5 has a density at least five times higher than these two sources, and the greater luminosity of the source indicates a larger mass. This accords with the view that L1551-IRS5 is one of the youngest Class I sources. Examination of the methods of calculating the masses shows that the disparate estimates can be reconciled. Moriarty-Schieven et al. (1994) calculate their thermally derived estimates from the equation
The single dust temperature Td is an important parameter in this equation, which they derived from a fit to the available far-IR, submm and mm data for each source. However, they concede that the fit is primarily constrained by the 60-100 Ilffi fluxes, which derive from relatively warm dust, and so their values of Td (which lie in the range 30-55 K) 'may represent upper limits'. There is then ample scope to raise the mass estimates by a factor of 2-3, leaving aside the uncertainty in mm dust opacity which enters into the constant of proportionality. This would bring Men. into agreement with the constraint of our models for those sources where Men. < 10-2 MO' It appears that the warm inner disc makes a relatively small contribution to Fsoo in these sources, because it is optically thick at this wavelength (e.g. Lay et al. 1994) . The lower limits to the envelope mass estimated by Ohashi et al. (1991 Ohashi et al. ( , 1996 from optically thick CS(2-1) emission are measuring mass on a scale of 2000 au, as seen in projection, and are in reasonably good agreement with our near-IR models. However, some ofthis larger scale matter may be unbound (as discussed in the case of L1489) or appear from perturbations in excitation temperature generated by the outflows (as discussed in the cases of 04248 + 2612 and 04361 + 2547). The low masses derived by Moriarty-Schieven et al. (1995) from high-excitation CS observations are in serious disagreement with our models. The derived column densities on a 2000-au scale assumed a uniform density and temperature for the gas, and we infer that this is too much of an oversimplification.
Polarization data and dust properties
The level of polarization in the envelopes ranges from 35 to 80 per cent in the K band. This indicates that single scattering dominates the polarization, and that any population of large (a > 0.5 Ilffi) grains in the envelopes is too small to be observed. This strengthens the conclusion that was reached by LR in the case ofL1551-IRS5. These very high values are also observed in the jets and knots of the outflow regions, implying that they are also populated by small grains. The high polarization also allows us to set lower limits to Pmax' the maximum degree of linear polarization resulting from single scattering at 90° to the direction of motion. In Table  5 we tabulate the maximum polarization found in the outer envelope for each source, averaged over 3-pixel-wide aperture and checked for consistency across the multiple data sets for each source. In the most highly polarized systems, Pmax declines toward shorter wavelengths. This reflects both the increasing importance of multiple scattering due to the rapidly rising albedo and the departure from Rayleigh scattering as the wavelength approaches the same order as the radii of the larger grains. Draine & Lee (1984) calculated that the albedo of the MRN (Mathis, Rumpl & Nordsieck 1977) graphite and silicate grain mixture (with a maximum grain size of 0.25 J.UD.) should fall rapidly from :::::: 0.5 at A :::;; 1 J.UD. to :::::: 0.2 at A = 2.2 J.UD.. This is consistent with the decline in both the maximum observed polarization and the typical levels of polarization in the outer regions of the envelopes in our data.
As noted in the discussion of 04302 + 247, we do not rule out a contribution by dichroic extinction to the observed polarization discs. The broad regions of aligned vectors observed in L1551-IRS5 and 04361 + 2547 may be due to dichroic extinction by grains in the foreground of these systems, which could obscure the more centrosymmetric pattern produced by scattering in the core while leaving the information contained in the flux distribution relatively uncontaminated. This requires that the extinction is reasonably uniform, and the induced polarization is a substantial fraction of that produced by scattering. A similar broad region of aligned vectors was observed in YLW 16a in Ophiuchus (Aspin et al. 1989) . These systems are all quite red (MH-MK > 1.7), and so may have a sufficient optical depth of foreground dust grains; however, this mechanism needs to be tested through modelling to see whether it is consistent with scattering by grains of low albedo.
CONCLUSIONS
We have examined the circumstellar nebulosities of five Class I YSOs and find that they are consistent with models consisting of an envelope and an evacuated bipolar cavity with a small, thin inner disc. The equatorially concentrated density profile calculated by Ulrich (1976) and Terebey et al. (1984) appears to fit the data reasonably well. Our models rule out a power law steeper than 1.75 for the radial density dependence in the outer regions, since circumstellar matter is observed in scattered light at radii of several hundred au or more. The masses derived from the models are in good agreement with values obtained from measure- Table 5 . Maximum polarization in a 3-pixel aperture.
Source L1551-IRS5 04302+2247 04248+2612 04361+2547 L1489
PK(%)
PH ( ments of thermal flux at submm wavelengths and of lowdensity CS emission. Even the small sample of objects studied here shows very substantial variation in the detailed envelope structures. It appears that, in general, observations cannot be matched to a single standard model structure, but that detailed tailoring of the models is required to estimate the structure of the envelopes and put quantitative limits on the geometry of the cavities. We present a model of the edge-on system 04302 + 2247, whose convenient proximity and orientation may yield considerable insights into pre-main-sequence stellar evolution. Previous studies (e.g. WH2) have indicated that the appearance of Class I systems in the near IR is determined mainly by the geometry of the bipolar cavity and the angle of viewing. Our data support this model, but show that knots and jet-like structures in the cavity often strongly influence the flux distribution. These features are presumed to be part of the outflow, and their columns and polarization indicate that they are observed primarily in scattered light rather than in line emission. The cavities have a wide range of opening angles, which may depend upon the degree to which the outflows are collimated. The occurrence in three of our five sources of twin bipolar cavity or outflow structures was unexpected. Given the very high incidence of binarity in the Taurus-Auriga star-forming region it seems reasonable that these arise from binary systems.
The high degrees of polarization in the core show that the protostars themselves are obscured at 2.2 J.UD. in all the sources shown here -also at 3.6-3.7 ~m in the two sources for which we have data. The very high levels of polarization observed in the outer regions ofthe envelopes show that the dust in that region consists almost entirely of small interstellar-type grains.
